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012.12.0Abstract Airworthiness regulations require that the transport airplane should be proved to ensure
the survivability of the ditching for the passengers. The planned ditching of a transport airplane on
the calm water is numerically simulated. The effect of pitch angle on the impact characteristics is
especially investigated by a subscaled model. The Reynolds-averaged Navier–Stokes (RANS) equa-
tions of unsteady compressible ﬂow are solved and the realizable j-e equations are employed to
model the turbulence. The transformation of the air-water interface is tracked by volume of ﬂuid
(VOF) model. The motion of the rigid body is modeled by dynamic mesh method. The initial ditch-
ing stage of the transport airplane is analyzed in detail. The numerical results show that as the pitch-
ing angle increases, the maximal normal force decreases and the pitching motion becomes much
gentler. The aft fuselage would be sucked down by the water and lead to pitching up, whereas
the low horizontal tail prevents this trend. Consequently, the transport aircraft with low horizontal
tail should ditch on the water at an angle between 10 and 12 as a recommendation.
ª 2013 CSAA & BUAA. Production and hosting by Elsevier Ltd.
Open access under CC BY-NC-ND license.1. Introduction
As many airports are close to water and many ﬂights are oper-
ating partly overseas, impacting on water could be encoun-
tered by all aircraft. Even if that is fortunately a very rare
event,1,2 it is nevertheless a case which should be covered for
the certiﬁcation of an aircraft operating over the sea. In thatof Fluid Mechanics, Beihang
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24case, the manufacturer should show compliance to the speciﬁc
airworthiness regulations related to ditching,3 which deal with
the airframe to withstand design loads and safety of the air-
plane in its operational environment. The crashworthiness
standards in the Federal Aviation Regulation (FAR) can be
roughly summarized as follows4: the aircraft should be able
to land on water as safely as possible and to ﬂoat a long en-
ough time. The main objective of all these regulations is to
maximize the passenger survivability at both the impacting
and ﬂoating stages.
The ditching of US Airways Flight 1549 in the Hudson Riv-
er on January 15, 2009, without fatalities to 150 passengers
and ﬁve crew members, was dramatic and an outstanding dem-
onstration of professional airmanship by the pilot,5 though the
rear fuselage was broken by the water (see Fig. 1). The out-
come of ditching depends on the proper procedures and critical
parameters to be maintained prior to the water impact.td. Open access under CC BY-NC-ND license.
Fig. 1 Ditching of US Airways Flight 1549 in the Hudson River
on January 15, 2009.
Fig. 2 Illustration of airplane ditching motion in its symmetry
plane.
18 B. Guo et al.Inadequate piloting procedures of land-based aircraft can eas-
ily incur catastrophic results.
The demonstration of compliance to ditching requirements
may be realized by either testing or comparing to aircraft of
similar design, of which the ditching behavior has already been
certiﬁed. The use of aircraft models launched in a water tank
was more common to investigate various ditching conditions
from the 1950s to 1970s.6–10 The kinematics of the aircraft
impacting on the water strongly depends on its conﬁguration
at the moment of the event. It is, therefore, required to thor-
oughly investigate the inﬂuence of position of ﬂaps, location
of the center of gravity, weight and/or eventual damage on
the structure for the forced ‘‘landing’’ on water.11–13 External
factors like a rough sea may have to be taken into account.
As test campaigns are time-consuming and very expensive,
the use of simulation tools capable of predicting the response
of aeronautical components, or the entire aircraft, to dynamic
crash loads facilitates the development and the evaluation of
new designs. With the progress of the computation capabilities
and the development of multidisciplinary tools, such as panel
method,14,15 ﬁnite element method (FEM)16–19 or arbitrary
Lagrangian–Eulerian (ALE),20,21 smoothed particle hydrody-
namics (SPH),22–25 ﬁnite volume method (FVM),26,27 hybrid
method,28,29 the trend is to replace model tests by numerical
assessments: the manufacturers are going now towards virtual
testing.30–32
However, the present knowledge is still insufﬁcient to pre-
dict with conﬁdence a crashworthy design in coping with the
impact on water. The reasons for this might be linked to the
multidisciplinary characteristics of the problem. Firstly, there
is insufﬁcient knowledge of the phenomenon in aeronautical
structures currently. Secondly, in the simulation limiting fac-
tors, such as inadequate material models for crash investiga-
tion purposes, restrict the modeling possibilities for the ﬂuid
structure interaction. Finally an extensive validation pro-
gramme is absent for the simulation tools.
The main objective of this paper is to provide the compre-
hension and evaluation of aeronautical structures ditching on
water from the hydrodynamic point of view. The load and pres-sure are calculated by solving the full three-dimensional
Navier–Stokes equations in the double-precision version of
RANS solver Fluent,33 which provided a free surface tracking
model based on the volume of ﬂuid (VOF) approach and
dynamic mesh tools.34 The numerical methods are ﬁrstly
validated by comparison between the experiment data and sim-
ulation results of a wedge falling into water in three degrees of
freedom. In this simulation, the aircraft is treated as a rigid
body to simplify the problem and moves in three degrees of
freedom. The effect of approaching pitch angles on the airplane
ditching performance is researched in detail. The pressures in
nine locations on the fuselage are also monitored in order to
investigate the impacting strength and the motion history.
2. Numerical methods
The unsteady compressible ensemble averaged Navier–Stokes
equations were used to model the behavior of the air and the
water throughout the domain. The volume of ﬂuid model
was used to track the air-water interface. To model turbulence
in the system, the realizable j-e model was applied in the air
and water with special wall treatment.
2.1. Assumptions
The initial water surface was assumed to be stagnant with no
wind or wave disturbances. After being released in air, the air-
craft was free to react to the forces and moments from the air
and water. In order to simplify the approach, the aircraft was
assumed to be rigid and moving in its symmetry plane in three
degrees of freedom: going forward, descending and pitching
(see Fig. 2, h is the pitch angle, c is the descent angle).
The air was modeled as compressible ideal gas and the
water’s compressibility was deﬁned through user-deﬁned func-
tion (UDF) in its material properties as dqw/qw = dp/Kw and
sound velocity in water was deﬁned as cw ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Kw=qw
p
.
qw = 998.2 kg/m
3 when p0 = 101325 Pa, and the bulk modu-
lus of elasticity Kw equals 2.2 GPa.
The Weber number, We, would be 1.18 · 105 for an sub-
scale model airplane with length 0.98 m and velocity 9.35 m/
s. Since surface tension in the water would be important only
for problems with We less than approximately 100, in this
ditching problem, this effect is neglectable at the free-surface.
We ¼ u
2
impactqwL
r
ð1Þ
where uimpact is the impacting velocity, qw the water density, L
the characteristic length and r indicates the surface tension be-
tween air and water.
To simply this problem in this simulation, the airplane was
in a clean conﬁguration and the fuselage was supposed to be
rigid. The engine and nacelle were also regarded as having little
effect on the initial ditching stage of a transport airplane with
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the airplane pitched down to a low attitude angle. The slotted
ﬂap strength is usually designed such that failure occurs almost
as soon as the ﬂaps strike the water surface and do not cause
any nose-down pitching moment. Transport airplanes have
marginal-strength fuselages and the lower part of the fuselages
sustains some damage when ditching but usually is not demol-
ished.12 Damage usually does not cause the behavior to be vio-
lent, but only water ﬂooding into the fuselage should be
considered in its ﬂoating stage.
Based on Froude number and the same gravity accelera-
tion, Table 1 shows the scale relationships used to convert
the model data to full-scale values and all values herein have
been converted to the scaled model with size scale factor
k= 1/38. A sub-scaled model was simulated for the sake of
higher accuracy and a much lower computational expenditure
with the same quantity of grid, because with the same quantity
of y+, a full-scale model with a higher velocity requires small
scale meshes adjacent to the wall and results in much smaller
time steps in numerical simulation.Table 1 Scale relationships between ditching model and real
aircraft.
Physical parameter Full-scale value Scale factor Model value
Length L k kL
Mass m k3 k3m
Time t k1/2 k1/2t
Angular h 1 h
Force F k3 k3F
Moment of inertia I k5 k5I
Moment of force M k5 k5M
Velocity u k1/2 k1/2u
Angular velocity x k1/2 k1/2x
Linear acceleration a 1 a
Angular acceleration b k1 k1b
Pressure p k kpScale effect was not accounted in this simulation, but it
could have inﬂuences on some phenomena. For example, cav-
itation could not be modeled or scaled in this simulation, but
this may happen in the actual ditching. This would affect the
load and pressure proﬁle to a certain extent. But the data com-
parisons to actual full scale ditching showed that scaled-model
investigations could give sufﬁcient information regarding the
motions of an airplane when ditched.12
The effects of ﬂight speed and the angle of descent were well
demonstrated in Ref. 13. This paper is mainly concerned with
the effect of attitude, which is no simple answer that applies
to all airplanes. Consistent with the directions of planned
ditching in the ﬂight manual, a pilot should maintain the air-
speed at VREF (reference speed, generally equal to 1.3 times
the stall speed in the landing conﬁguration) and maintain the
rate of descent at 200–300 fpm. To accomplish ﬂare, the air-
plane should be rotated smoothly to touchdown attitude.
Accordingly in this paper it is supposed that the airplane
strikes the water just after being ﬂared out.
2.2. Dynamic mesh and turbulence model
In this paper, dynamic mesh technique was employed to simu-
late the motion of the object and the surrounding grid. Thenon-deforming grids surrounding the airplane transferred
and rotated in the manner of rigid body.
With respect to dynamic meshes, the integral form of the
conservation equation for a general scalar, /, on an arbitrary
control volume, V, with a moving boundary can be written as:
@
@t
Z
V
q/dVþ
Z
@V
q/ðu ugÞdA ¼
Z
@V
Cr/dAþ
Z
V
S/dV
ð2Þ
where q is the ﬂuid density, u the ﬂow velocity vector, ug the
mesh velocity of the moving mesh, C the diffusion coefﬁcient,
S/ the source term of /, oV is used to represent the boundary
of the control volume V, and A is the face area vector on the
control volume.
If the control volume remains constant, the time derivative
term in Eq. (2) can be expressed, by a ﬁrst-order backward dif-
ference formula, as:
@
@t
Z
V
q/dV ¼ ðq/VÞ
nþ1  ðq/VÞn
Dt
¼ ½ðq/Þ
nþ1  ðq/ÞnV
Dt
ð3Þ
To model the unsteady ﬂow, the realizable j-e model was
applied in the air and water with Enhanced wall treatment.
The realizable j-e model proposed by Shih et al.35 was in-
tended to address the deﬁciencies of traditional j-e models
by adopting a new eddy-viscosity formula involving a variable
Cl originally proposed by Reynolds
36 and a new model equa-
tion for dissipation e based on the dynamic equation of the
mean-square vorticity ﬂuctuation.
Enhanced wall treatment used in this simulation is a near-
wall modeling method that combines a two-layer model with
so-called enhanced wall functions, which possesses the accu-
racy of the standard two-layer approach for ﬁne near-wall
meshes and, at the same time, not signiﬁcantly reduce accuracy
for intermediate or coarse meshes (usually referred to as wall-
function meshes) where the ﬁrst near-wall node is placed in the
log-law region. This near-wall modeling approach may be the
best one to deal with the ﬂow comprised of two kinds of ﬂuids
with different properties and the velocity diversity close to the
viscosity-affected near-wall region.
2.3. VOF model and its discretization
Volume of ﬂuid method could model two or more immiscible
ﬂuids by solving a single set of momentum equations and track-
ing the volume fraction of each ﬂuid throughout the domain,
which was ﬁrstly proposed by Hirt and Nichols37 to capture
the dynamic free boundary and developed by Youngs for
unstructured meshes,38 Ubbink for arbitrary meshes39, and by
Muzaferija for stability and validity on water entry problems.40
The modiﬁed high resolution interface capturing (HRIC)
scheme40 was applied for volume fraction discretization, which
could provide improved accuracy for VOF calculations when
compared to quadratic upwind interpolation of convective
kinematics (QUICK) and second-order schemes. It is less com-
putationally expensive and more stable than the Geo-Recon-
struct scheme.38
2.4. Boundary and initial conditions
The boundary outside was split into two parts: the front pres-
sure-inlet and the pressure-outlet on the back, on which the
Fig. 3 Test section description and initial wedge position.
Fig. 4 Grid topology and density in simulation.
20 B. Guo et al.pressures were deﬁned in proportion to depth below the inter-
face in order to contain the water in the presence of gravity.
The hydrostatic pressure in air was neglected because of its
small effect within the domain.
The solution was initialized with zero velocity, standard
atmospheric pressure in air, and hydrostatic pressure in the
water. Temperature was initialized to 300 K throughout the
domain.
2.5. Trajectory calculation
The trajectory of the rigid body was speciﬁed by a macro
named DEFINE_CG_MOTION in Fluent software providing
with the linear and angular velocities at every time step. Fluent
used these velocities to update the node positions on the dy-
namic zone based on rigid-body motion.
The forces and moments on the body were computed based
on the integration of pressure and the shearing stress over the
surface. The translational motion of the center of gravity (CG)
and the angular motion around the CG were calculated
according to planar dynamics of rigid body in the computa-
tional procedure implemented as a user deﬁned function
(UDF) dynamically linked with the solver at run time.
uCG ¼ 1
m
X
FCG ð4Þ
_xCG ¼MzCG=ICG ð5Þ
where the variables could be referred to Table 1.
Once the translational and angular acceleration are com-
puted from the two equations above, the rates are determined
by numerically integrating by a fourth-order multi-point
Adams-Moulton formulation:
vnþ1 ¼ vn þ Dt
24
ð9 _vnþ1 þ 19 _vn  5 _vn1 þ _vn2Þ ð6Þ
where v indicates translational or angular velocity and Dt is the
time step size.
3. Validation
A rigid-body moving UDF was specially developed to control
the motion in three degrees of freedom and another integrating
UDF was also built up to derive the forces and moments on
the object for the water entry problem.
Validation of the numerical methods was ﬁrstly performed
on a free falling wedge in three degrees of freedom regarded as
a two-dimensional problem in this simulation (see Fig. 3).
More details on the experiment data could be found in
Ref.41 Initially, this free-falling wedge was released from
0.61 m above the water surface with a 5 clockwise angle and
zero velocity. Its mass is 50.8197 kg and its inertia is
3.6270 kgÆm2 in unit length.
Fig. 4 shows the mesh topology and grid density. The diam-
eter of the circular boundary is 60 times the width of this
wedge. The computational domain was constructed with
block-structured meshes. The grid was created with 1.69 mil-
lion cells around the wedge and on the bottom the cell height
and width were about 10 lm in the ﬁrst layer.
The simulation result is compared to the test data in Fig. 5.
The discrepancies originated mainly from the two-dimensional
and rigid body hypotheses, which would also affect the processof the air cushion and the water jet close to the bottom. Both
phenomena need better grids. Concerning the angular acceler-
ation time evolution, some oscillations in low frequency can be
noticed on the experimental data. These oscillations were pro-
duced by structure vibrations, which could not be captured in
the context of rigid body simulation.41 On the whole, the sim-
ulation globally matches with the mean experimental signal
and the numerical methods are reliable.
Fig. 5 Comparison of vertical and angular acceleration time
histories.
Fig. 6 Airplane schematic.
Table 2 Description of ditching model parameters.
Physical parameter Model value Airplane (38 times)
Fuselage length (m) 0.98 37.24
Mass (kg) 0.73539 40352
Moment of inertia (kgÆm2) 0.019511 1.546 · 106
Wing area (m2) 0.093674 135.265
Horizontal velocity (m/s) 9.352 57.65
Vertical velocity (m/s) 0.1632 1.006
Half span (m) 0.4594 17.46
Pitch before impact () 6,8,10,12 6,8,10,12
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4.1. Airplane characteristics
As mentioned above, to minify the workload and reﬁne the
precision, a subscale half model (with fuselage length of
0.98 m) was simulated instead of a full scale one. The model
was deﬁned as rigid and moving in its symmetry plane. The air-
plane impacted the water surface at various pitch angles with
an initial horizontal velocity of 9.352 m/s and a sink velocity
of 0.1632 m/s. A schematic of the airplane geometry is shown
in Fig. 6. Table 2 depicts more detailed parameters about the
model and a full scale airplane is also given as a reference.
To reduce the mesh quantity, the airplane was alighting in
clean conﬁguration with slats and ﬂaps up, landing gear re-
tracted and vertical tail ignored. According to the recommen-
dation and limitation in ﬂight reference manuals, it glided and
touched down at the descent angle of about 1.
All the values given in Section 4.3 were for the simulated
model. If needed, it could be scaled to the real scale airplane
according to the scale relationship (see Table 1).
4.2. Grid topology and parameter settings
A semispherical computational domain was constructed for
this problem and the volume was split between air and water,
as illustrated in Fig. 7. The diameter of the sphere was about
20 times the fuselage length or 180 times mean aerodynamic
chord length.The entire domain was comprised of hexahedral cells which
surrounded the airplane geometry and moved together without
deforming during splashdown. The advantages of this ap-
proach lie in that it could keep proper grid resolution near
the wall, minimize errors in the solution and increase the efﬁ-
ciency of the simulation. Hexahedral cells could have a high as-
pect ratio near the body, efﬁciently cluster towards the
airplane wall and also predict much smoother free surface with
the VOF model because of their orthogonal nature.
With the topology mentioned above, the grid was created
with 11.15 million hexahedral cells around the airplane and
the ﬁrst cell height was 20 lm at the boundary (see Fig. 7)
which was chosen so that the y+ value would be approxi-
mately 60 on the body surface during the initial impact. The
aft body of the fuselage was especially meshed densely to cap-
ture the water surface (see Fig. 8).
Fig. 7 Grid domain and topology.
Fig. 8 Surface mesh on the body.
Fig. 9 Virtual pressure transducers located on the fuselage.
Fig. 10 Longitudinal and normal load on the airplane.
22 B. Guo et al.To monitor the detailed pressure history during impacting
at different locations of the body, nine virtual transducers were
created by separating some facets from the surface mesh (see
Fig. 9). Every transducer was quadrate about 2.5 mm in length
and width.
The airplane was accelerated by 0.002 s from static to the
speciﬁed velocity in the form of a quarter of the sine function.
It was released from a height of 0.005 m above the water sur-
face, then ﬂew free and impacted on the water at about 0.018 s.
4.3. Results and analysis
What is the best attitude for an airplane at touchdown is by no
means simple to answer, which depends on the fuselage shape
and other conﬁguration, such as the longitudinal curvature,
the height of its wing and tail plane. But it is clear that the atti-
tude should be such that alighting is as gentle as possible, bothto keep the impact forces and pressures as small as possible
and to keep their distribution without changes of trim that
might lead to serious consequences.13
Simulation result of this model airplane indicates that ini-
tial pitch angle has slight effect on the maximum longitudinal
load (see Fig. 10) and maximum pressure on the fuselage (see
Fig. 11) but noticeable effect on the normal load (Fig. 10). The
airplane would suffer a more violent impact force with a lower
attitude, which could also lead to a higher moment pitching up
(see Fig. 12). The airplane presents distinct motions with dif-
ferent initial angles (see Figs. 12 and 13). Similar quantities
of maximum longitudinal load indicate the effect equilibrium
of head-on positive pressure and the suction on the rear.
Fig. 11 Maximum pressure on fuselage.
Fig. 12 Moment relative to CG and angular velocity pitching
up.
Fig. 13 Pitch angle history.
Table 3 Force in the Y direction at different moments.
Time (s) Pitch () Force (N)
Total Wing Fuselage Tail Fairing
0.0595 6 15.710 2.80 2.70 0.65 9.760
12 7.046 2.57 2.52 0.58 1.028
0.0795 6 8.32 4.35 25.56 22.95 6.58
12 8.74 2.55 8.28 7.94 6.49
Table 4 Moment relative to CG (positive when pitching up).
Time (s) Pitch () Moment (NÆm)
Total Wing Fuselage Tail Fairing
0.0595 6 0.934 0.060 0.500 0.170 0.6600
12 0.033 0.014 0.288 0.248 0.0316
0.0795 6 2.262 0.095 6.800 9.79 0.840
12 0.488 0.030 3.275 3.38 0.347
Effect of pitch angle on initial stage of a transport airplane ditching 23Before the moment of 0.07 s, the airplane with 6 or 8 pitched
down ﬁrstly and caused more area immersed. Otherwise, to-
gether with higher sinking velocity (shortage of lift before im-
pact), the more violent impact force happened and went on
until the airplane pitched up. The case with 10 or 12 pitched
down much tenderly with lower sinking velocity as wetting
area gradually increased. Similar to the plate planing on the
water, the airplane in lower attitude may move forward with
lower impacting pressure, which actually rests with the quan-
tity of normal velocity. However, the maximum pressure
makes little sense. It is impractical to consider designing fuse-
lage which will not fail in ditching. On the other hand, veryhigh slamming pressures are not important for steel and alumi-
num structures. The high pressure peaks are localized in time
and space, and it is the force impulse that is important for
the structural response.42 Of more importance than the initial
impact loads is the subsequent behavior of the aircraft.13 The
initial impact moment could cause sudden changes in pitch an-
gle which, in turn, may lead to heavier impact load. This is
proved by the comparison between the cases with initial angle
of 6 and 12. The initial impacting pitch angle could lead to
the difference in the moments. The ﬁrst part of the fuselage
touched the water at zero attitude, but this point were at differ-
ent locations on the fuselage, which were related to discrep-
ancy of the curvature and the areas suffering suction after
the initial impact.
The forces and moments at two typical points of time are
compared for 6 and 12 (see Tables 3 and 4). Contributions
from different airplane parts are diverse and vary with time.
At the moment of 0.0795 s, the airplane rear fuselage was
sucked into the water and the tail lifted it up (see Table 3).
The quantities in the table also show that the load with initial
24 B. Guo et al.pitch angle of 6 is much higher than that of 12. If the suction
is too strong, the tail may be thrown off and lead to fuselage
failure. The fuselage and fairing could lead to the pitching
up motion but the horizontal tail prevents this trend happen-
ing (see Table 4). If the airplane was designed with high hori-
zontal tail, it may pitch to a high attitude and then declined to
impact on the water with a second heavy load, which is limited
to the rigid body. If the structure is ruptured in the initial im-
pact, the suction experienced by the aft body would vanish. In
summary, ditching at an angle between 10 and 12 may be an
advantageous choice.
From the time history of the pressure transducers (see
Fig. 14), the cause could be found to the pitching moment.
Such shape surface with curved upswept rear fuselage was sub-
ject to high suction over the rear part after the initial impact to
lift the nose out of the water.
The transducer of No. 3 at the curved location only suffered
a transitory slight impact and then perennial negative pressure.
As the submerged depth increased, the transducers of No. 4,
No. 5 and No. 6 impacted into the water. No. 4 was located
at the straight section of the fuselage and always faced again
the water so long as the airplane went ahead with a positive
attitude, so it impacted with peak pressure and then decreased
to a low value. No. 6 was located at the central part of the fair-
ing and impacted on the water in a similar way but more se-
verely, because the vicinal shape seemed to be a ﬂat plate.
No. 5 located at the aft of the fairing like a convex experienced
a short-term pressure wave then suction by the water.Fig. 14 Time-history of pressureIn this simulation, the released velocities were almost the
same in four cases, though there was a small height to descent
free at the same initial velocity. As demonstrated in Ref. 13, the
attitude cannot be reduced independently of the speed, the two
being related by the relationship determining the lift. The im-
pact forces are roughly proportional to V20 sin
2ðhþ cÞ (V0 is
the total velocity at the ﬁrst moment of impact). In the real
ﬂight, a lower attitude may mean larger horizontal and vertical
velocities, so the impact load may be much worse than a higher
attitude. The peak and mean pressures are roughly propor-
tional to the square of the normal velocity. The maximum
peak pressure usually happens at the center line of rear straight
fuselage (see Fig. 15), which impacts into the water almost with
the alighting velocity.
The case of the 10 initial pitch is described below in detail.
The water surface transformation and pressure contour are
shown in Fig. 16 and the pressure proﬁle of the central section
and two longitudinal sections of the fuselage are depicted in
Fig. 15. The fairing bottom and the bottom straight fuselage
after the fairing were subject to the maximum pressure and
would be easily destroyed. On round bottom fuselage the high
impact pressure would decrease towards the sides. The curved
parts of the fairing and the fuselage were almost always sucked
by the water. The resultant forces of them would form a head-
up pitching moment. The peak pressure of this case may reach
25 kPa and the mean one about 10 kPa would last for about
0.02 s. If these values are converted for an airplane with fuse-
lage length of 40 m, they would be 4 to 10 times the atmo-transducers of the four cases.
Fig. 15 Pressure proﬁle of central section at different moments.
Fig. 16 Water surface and pressure contour at different
moments (h0 = 10).
Effect of pitch angle on initial stage of a transport airplane ditching 25spheric pressure and sufﬁcient to collapse the skin structure
and some frames. The concrete slamming behavior and course
must be analyzed as a combination of hydrodynamics and
structural mechanics. The pressure wave that travels forward
and backward is demonstrated in Fig. 15.
5. Summary and conclusions
The free-ﬂight ditching motions of a low-mid wing civil air-
plane model are simulated by the RANS method with dynamic
mesh technique and VOF model. The numerical methods are
ﬁrstly validated by simulating wedge entering water in three
degrees of freedom. The simulation results agree well with
the experimental data. The effect of the initial attitude on
the ditching performance is demonstrated in detail for a trans-
port airplane with low wing and low horizontal tail.
At an initial attitude of 6 or 8, the airplane would pitch
down ﬁrstly with considerable normal load and then pitch
up under the effect of suction on the aft fuselage. While in
the case of 10 or 12, it could ditch in a tender motion and
pitch down gradually. The initial pitch angle has slight effect
on the maximum longitudinal load.
As for the rigid body discussed above, both the faring and
the aft body would lead to a pitching up movement, whereas
the horizontal tail in positive position would result in pitching
down tendency. The low horizontal tail is favorable for the sta-
bility in this type of airplane with upswept aft-body suffering
suction. The effect of the horizontal tail on the motion should
not be underestimated.As a recommendation, the civil transport airplane or that in
similar conﬁguration could be ditched at an attitude between
10 and 12 to minify the load.Acknowledgement
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